We attempted to induce Fos expression with several different types of acoustic stimuli, including conspecific songs (n ϭ 4) and broad-band noise bursts (n ϭ 5). In three experiments, the conspecific songs included the bird's own song (presented 30-100 times at 12-15 s intervals over a period of 30-50 min). In these cases, HVc was also found to have no or few Fos-IR cells, even though neurons in HVc of awake birds respond vigorously to playback of the bird's own song (McCasland and Konishi, 1981) .
Stimulation with song also did not elicit an increase in Fos staining, compared to birds that did not hear song, in other forebrain auditory regions, including areas that show induction of ZENK in response to the same method of song presentation: the caudomedial neostriatum (NCM), the shelf underlying HVc, and the cup around RA (Mello et al., 1992) . 
Induction of Fos in Singing Birds
The descending sensorimotor pathway, which is essential for singIn contrast to the birds that were quiet during song ing throughout a bird's life, includes HVc, the robust nucleus of the presentation, birds that countersang during the 50 min archistriatum (RA), and the tracheosyringeal portion of the hypoglosof taped song stimulation exhibited marked induction sal nucleus (nXIIts), a motor nucleus that controls the muscles of the syrinx, the bird's vocal organ. The anterior forebrain pathway of Fos immunostaining in the two sensorimotor song (hatched areas) , which is required during learning, consists of Area nuclei HVc and RA (n ϭ 11; Figures 2C and 2D) . The X, the medial portion of the dorsolateral nucleus of the thalamus pattern of Fos staining in HVc and RA was consistent (DLM) , and the lateral portion of the magnocellular nucleus of the with specific labeling of the Fos antigen (see Experimen- anterior neostriatum (LMAN). The dorsomedial nucleus of the intertal Procedures).
collicularis (DM), nucleus interfacialis (NIf), and the thalamic nucleus
Other song nuclei that play a role in singing, specifiuvaeformis (Uva) play a role in singing. The field L complex (L; stippled) is the source of auditory inputs to the song system. cally NIf, Uva, DM, and the motor nucleus nXIIts, showed no consistent Fos induction with singing. In particular, nXIIts and Uva were never seen to express Fos, while labeling with an antibody to the protein product of c-fos DM and NIf had a small number of faint Fos-IR cells in (Fos). The results presented here demonstrate that, like one bird that sang very robustly (6 min, 45 s total in 50 ZENK, Fos was not induced in the song system by premin); however, another bird that sang almost identically sentation of birdsong. It was strongly induced, however, (6 min, 24 s during similar intervals of the 50 min session) in the two sensorimotor song nuclei HVc and RA when showed no such induction. Similarly, although one adult birds sang. To distinguish between sensory and singer showed faint induction of a small number of cells motor activation of Fos, we analyzed Fos induction in in the nuclei of the AFP, in general, no Fos-IR cells were deafened birds induced to sing. Robust Fos immunorefound in Area X ( Figure 2H ), DLM (not shown), and LMAN activity was also found in HVc and RA of these birds, ( Figure 2F ) of birds that countersang to presentation of indicating that gene expression was elicited by the moconspecific songs and had strong Fos induction in HVc tor activity of singing and was independent of auditory and RA. feedback and sensorimotor matching. Moreover, double-labeling of the projection neurons in HVc with Fos immunohistochemical staining and retrograde tracers Fos Is Induced by the Motor Act of Singing To determine whether induction of Fos in HVc and RA revealed that only one of the two known populations of HVc projection neurons, the neurons projecting to RA, in singing birds was due to the motor act of singing or to the auditory feedback from the bird's own voice, we expressed singing-related Fos.
examined Fos expression in normal and deafened singing birds. We deafened birds by bilateral cochlear reResults moval and induced birds to sing by presentation of female finches. Deaf birds included animals that were Lack of Fos Induction by Auditory Stimulation A small number of Fos-immunoreactive (IR) cells was deafened 3-5 days prior to the Fos experiment (n ϭ 8) and thus had normal song, as well as birds deafened consistently seen in hyperstriatum ventrale, hippocampus, and nonsong system areas of the neostriatum of Ͼ1 year before the experiment (n ϭ 2), which therefore had greatly degraded songs (Nordeen and Nordeen, all songbirds examined. However, presentation of taped auditory stimuli caused no induction of Fos protein 1992). As in the song playback experiments, the observation period lasted 50 min, and birds were then immediwithin song nuclei of adult male zebra finches that listened and did not sing throughout the 50 min stimulation ately perfused. In all deaf (n ϭ 10) and hearing birds (n ϭ 11), Fos induction in HVc and RA was again associperiod (n ϭ 9). These nuclei included HVc and RA (Figures 2A and 2B) as well as the other song motor areas ated with the act of singing (Figure 3) . None of the singers in these experiments expressed Uva, NIf, DM, and nXIIts (Figure 1 ; data not shown). The nuclei of the anterior forebrain also did not express Fos Fos in any other song motor nuclei or in the AFP, whether they were hearing or deaf. As with tape-stimulated birds, in response to song presentation ( Figures 2E and 2G ). Fos staining was consistently found in most of the neoall birds were induced to sing by exposure to female finches. The presence of females alone did not account striatum as well as in the hyperstriatum ventrale and hippocampus of both deaf and hearing birds. One imfor the Fos induction in the song system, however, since birds that saw females and clearly became aroused but portant difference between these experiments and the auditory stimulation experiments is that, since singing did not sing showed no induction of Fos in HVc and RA.
In three birds, we also tested for the effects of strong could not be triggered with acoustic stimuli in deaf birds, HVc (A) and RA (B) of a hearing bird induced to sing during a 50 min session by presentation of female finches. Many Fos-IR cells were detected in HVc and RA. The bird began singing as soon as the session started and sang for a total of 2 min, 16 s. HVc (C) and RA (D) of a deaf bird that began singing immediately and sang for a total of 2 min, 28 s when exposed to female finches during a 50 min session. As in the hearing bird, HVc and RA contained numerous Fos-IR cells. The bird was deafened 3 days before the experiment. In deaf and hearing birds, exposure to females in order to elicit singing induced more Fos-IR cells in the caudal neostriatum (open arrow points to examples) and in the archistriatum surrounding RA (arrow points to examples) than in tape-stimulated birds. The relatively caudal sections of HVc in (A) and (C) illustrate that the caudomedial portion of HVc, a thinner and more densely packed area of the nucleus, which runs medially along the ventricle (e.g., Nordeen et al., 1987) , also exhibits Fos induction with singing. Sections are coronal; medial is to the right in all photos. arousal without singing by actively distracting the birds HVc (Neo); all of these measurements were done blind both to the amount of singing and to the hearing status each time they initiated singing. Although this prevented full singing, attempts to sing and other courtship behavof the birds (see Experimental Procedures). The number of Fos-IR cells was greater in song nuclei of robust iors continued unabated throughout the session. These birds also showed no Fos induction in the song system. singers than of poor singers ( Figure 4A ). Although there was a slightly lower mean total number of Fos-IR cells In general, however, more Fos-IR cells were observed in the caudal neostriatum and in the archistriatum surin HVc and RA of deaf birds compared to hearing birds, this difference was not significant and was likely due to rounding RA (including the archistriatum, pars dorsalis; Johnson et al., 1995) in birds that were induced to sing the fact that deaf birds rarely sang for as long as hearing birds. We performed two-way analyses of variance of by exposure to females rather than by tape stimulation, regardless of whether the bird sang and regardless of the number of Fos-IR cells/mm 2 in HVc, RA, and Neo, with singing category (poor/robust) and hearing status the bird's hearing status. This is evident for instance in Figure 3A (open arrow) and Figure 3B (closed arrow).
(deaf/hearing) as the factors. In the control area Neo, there was no significant effect of singing on Fos inducThis may be due to arousal upon seeing the females, since it has been shown using 2-deoxyglucose that the tion (F 1,23 ϭ 0.582; p ϭ 0.45). In contrast, there was a significant effect of singing on Fos expression in both activity in caudal neo-and archistriatum increases with arousal Herrmann, 1986, 1988) .
HVc and RA (HVc: F1,24 ϭ 9.67, p Ͻ .005; RA: F1,25 ϭ 4.95, p Ͻ .036), consistent with the idea that singingThe number of Fos-IR cells in HVc and RA was related to whether the bird sang. We measured the duration associated Fos induction is specific to the song system. In all three areas measured, hearing status had no signifof singing during the 50 min observation period and classified birds as either poor singers (Ͻ20 s of singing icant effect of its own (HVc: F1,24 ϭ 0.83, p ϭ 0.37; RA: F 1,24 ϭ 0.47, p ϭ 0.49; Neo: F 1,24 ϭ 0.01, p ϭ 0.94) and in 50 min; range 0-16 s; mean 4.7 s; n ϭ 7 for hearing birds; n ϭ 3 for deaf) or robust singers (Ͼ20 s in 50 min; had no significant interaction with singing (HVc: F 1,24 ϭ 1.16, p ϭ.29; RA: F 1,25 ϭ .74, p ϭ.396; Neo: F 1,24 ϭ 0.02, range 21-405 s; mean 146.4 s; n ϭ 12 for hearing birds; n ϭ 7 for deaf). We then counted the numbers of strongly p ϭ 0.88). This confirms that, as in the song playback experiments, acoustic stimuli did not influence Fos inFos-IR cells per mm 2 in HVc and RA in all birds as well as in a nonsong area from the neostriatum underlying duction. Therefore, the increased gene expression in HVc and RA in singing birds reflected the motor act of HVc with cholera toxin or fluorogold from one or the other of the two known targets of HVc and then induced singing rather than auditory feedback from song.
The amount of Fos expression in HVc, RA, and Neo singing. With this approach, we could identify the Fos-IR neurons that projected to X or RA. We found no was further correlated with the amount of time spent singing ( Figure 4B ). Correlations between the total time X-projecting HVc cells expressing Fos in three birds that sang robustly. Figure 5A shows the typically large a bird sang during the 50 min and the number of Fos-IR cells/mm 2 were significant for both HVc and RA (R ϭ cholera toxin-filled Area X projection neurons in HVc, with unstained nuclei, surrounded by numerous smaller 0.589, p Ͻ .0008 for HVc; R ϭ 0.684, p Ͻ 0.0001 for RA; Pearson correlation coefficients) but not for Neo (R ϭ Fos-IR nuclei. In contrast to the large X-projecting neurons, many fluorogold-filled RA-projecting neurons 0.132, p ϭ 0.516).
throughout HVc contained Fos-IR nuclei ( Figure 5B ; n ϭ 2 birds). These neurons had the smaller soma size ex-
Functional Segregation of Two Populations of Projection Neurons in HVc
pected of RA-projection neurons in HVc (Sohrabji et al., 1989) . HVc also contained Fos-IR cells that were not HVc is a sensory and a premotor nucleus and contains two separate but densely interconnected populations labeled with retrograde tracer: these cells might simply not have been backfilled but might also represent inof projection neurons: those projecting to the next premotor nucleus RA and those projecting to Area X in the terneurons activated to induce Fos during singing. In the striatum, one of the changes elicited by chronic AFP. Both populations of projection neurons respond to song playback in anesthetized birds (Doupe and Koni- exposure to cocaine is a dramatic increase in the number of interneurons showing Fos induction (Moratalla et shi, 1991; Vicario and Yohay, 1993) , but it is not clear whether both populations are equally involved in singal., 1996) . We did not quantify the percentage of cells that were double labeled, because this would depend ing. The strong Fos immunoreactivity associated with singing in HVc provided a method for addressing this on the numbers of cells filled and the number of Fos-IR cells, both of which vary independently from bird to question. We retrogradely labeled projection neurons in These results provide a striking example of the fact singing birds examined. This indicates that these interthat neuronal activation alone does not lead to gene connected HVc neuronal populations differ functionally transcription (e.g., Sagar and Sharp, 1990 ; Labiner et in their roles during singing. al., 1993; Chergui et al., 1996) . Although HVc neurons in awake birds respond strongly to presentation of the Discussion bird's own song (McCasland and Konishi, 1981) , multiple presentations of the bird's song in these experiments Our findings demonstrate that, despite the importance did not induce Fos expression in HVc. In contrast, singof hearing in song learning and maintenance in zebra ing strongly induced Fos expression. The activity of HVc finches, auditory activation does not induce Fos expresand RA during this motor behavior must differ in crucial sion in any song nuclei. In contrast, the motor act of ways from passive sensory activation of these nuclei. singing strongly induces the expression of Fos protein One difference may be that the level of neuronal depolarin two song sensorimotor nuclei, even in the complete ization in HVc and RA is simply much greater during absence of auditory input and sensorimotor matching.
singing than during listening: chronic recordings from In addition, the double-labeling study revealed that only the HVc of singing birds show sustained depolarization one of the two populations of projection neurons in HVc, of many neurons, including a maintained increase in the cells projecting to RA, exhibits induction of Fosfiring of neurons for several seconds before and after IR in response to singing: this indicates a functional song (McCasland, 1987; Yu and Margoliash, 1996) . In segregation of neurons within a highly interconnected contrast, neural activity in HVc during song playback motor network and may point to particular sites of celluoccurs only during the stimulus (McCasland and Konishi, 1981) . A dependence of IEG expression on the lar plasticity in song maintenance. amount of depolarization has been seen in many syssystem. Other studies also indicate that different IEGs can be induced by different stimuli or may show differing tems (e.g., Cole et al., 1989) . Numerous studies in vivo and in vitro also suggest that increased intracellular sensitivity to the same stimuli (Sheng and Greenberg, 1990; Nastiuk et al., 1994) . Induction of distinct combinacalcium (often via NMDA receptors) is a critical step linking sustained depolarization to gene transcription tions of IEGs in particular song brain areas could endow cells with a variety of long-term cellular responses to (Morgan and Curran, 1986; Greenberg et al., 1986; Cole et al., 1989; Labiner et al., 1993; Chergui et al., 1996) . the same physiological activation. Both HVc and RA neurons are known to be part of local circuits densely interconnected via glutamate and espe-
The Motor Act of Singing Induces Gene Expression cially NMDA receptors (Vu and Lewicki, 1994, Soc. Neu- in Areas Critical to Song Production rosci abstract; Perkel, 1995, Soc. Neurosci. abstract).
The fact that Fos was induced in HVc and RA in both Singing-associated depolarization in these nuclei may deaf and hearing finches that sang clearly reveals a result in NMDA receptor activation and sufficient callink between motor activation and gene expression; the cium influx to induce gene activation.
auditory feedback inevitably present in normal singing Whatever the mechanism underlying the Fos inducbirds is not required for Fos induction. IEGs are often tion seen here, it is closely linked to singing, because induced in the intact nervous system in response to we observed a significant correlation between the external sensory stimuli or neuromodulators, but direct amount of time spent singing and the number of Foselectrical stimulation of motor cortical or vocal motor positive cells induced. Although this correlation was sigareas can also induce Fos throughout motor pathways nificant, it was only moderate, perhaps because in be- (Sagar et al., 1988; Wan et al., 1992 ; Jü rgens et al., havioral experiments such as these the exact amount 1996) . Fos induction in the song system during singing, of stimulation is not under the experimenter's control.
however, is one of the most striking examples to date In our study, robust singers initiated singing on average of spontaneous motor behavior inducing gene transcripby 1 min, 39 s into the 50 min observation period but tion and translation in a coordinated network of neurons. continued to sing at different intervals thereafter. ThereAlthough other brain areas are involved in the motor fore, the same total amount of time spent singing might act of singing, including Uva, NIf, the midbrain nucleus vary in its effectiveness in inducing Fos, depending on DM, and the motor nucleus nXIIts (McCasland, 1987 ; the time between singing bouts and the end of the obserWilliams and Vicario, 1993), these regions showed no vation period, when birds were perfused. Despite this consistent Fos induction with singing. They may have source of variability, however, the number of Fosa higher threshold for Fos induction or may be less expressing cells was still significantly associated with active during vocalization than HVc and RA. NIf and Uva, the total time birds spent singing.
for instance, seem to play a role in coordinating singing We also did not see consistent Fos labeling with song rather than representing the direct premotor commands playback or singing in field L, the forebrain primary audifor song (Williams and Vicario, 1993; . tory area, although Fos has been elicited by auditory
The nucleus nXIIts, which contains the motor neurons stimuli in the primary auditory cortex of mammals that innervate the muscles of the vocal organ, is un- (Zuschratter et al., 1995) . In those studies, Fos was indoubtedly very active during singing. The fact that it duced with tone bursts or narrow-band stimuli; the comexhibits no Fos induction further supports the idea that plexity and varying nature of the auditory stimuli used Fos expression in the song system does not simply in our playback studies, however, may not elicit optimal reflect neuronal firing. Instead, Fos induction may reactivation of neurons in the tonotopically organized priquire a more specific activation in the two nuclei that mary auditory areas. are thought to be critical for the generation of the song pattern Yu and Margoliash, 1996) . In addition, HVc and RA are the only song motor nuclei The Same Stimuli Activate Different IEGs in Different Areas of the Songbird Brain with clear evidence of convergent auditory and motor inputs (Kelley and Nottebohm, 1979; McCasland and The induction of Fos was different from that of the IEG ZENK in that there was no clear induction of Fos by Konishi, 1981; Doupe and Konishi, 1991; Mooney and Konishi, 1991) : perhaps Fos is induced specifically in song playback in the caudomedial neostriatum (NCM), in the outer layers of the field L complex, nor in the cells that integrate sensorimotor signals.
In our experiments, Fos was also not consistently auditory areas immediately surrounding HVc and RA (Mello et al., 1992; Mello and Clayton, 1994) , although expressed in the AFP. Little is known about the activity of this pathway in awake birds, and the AFP may simply Fos shared with ZENK its lack of induction in the song system by auditory stimulation. Recent work also shows be less active during singing. However, the lack of Fos induction may also be correlated with the fact that the singing-related ZENK mRNA induction in the song system of canaries but again not in areas identical to those AFP is not required for song production in adult zebra finches (Bottjer et al., 1984; Sohrabji et al., 1990 ; Scharff expressing Fos: the anterior forebrain nuclei, especially Area X, show ZENK induction as well as HVc and RA and Nottebohm, 1991; Morrison and Nottebohm, 1993) . The AFP is essential for song learning, but zebra finches (Jarvis and Nottebohm, 1996, Soc. Neurosci. abstract). This difference from Fos could be due to experimental are "closed" learners, that is, they do not normally learn song in adulthood unlike "open" learners such as canarconditions, to a species difference, or to different requirements for expression of various IEGs in the song ies. The observation that Fos was not induced by singing in the AFP of adult zebra finches, while ZENK was inneurons in HVc exhibited singing-driven Fos induction. The RA-and X-projecting neurons in HVc are interminduced in the AFP of singing canaries (Jarvis and Nottebohm, 1996, Soc. Neurosci. abstract), may be due to gled within the nucleus and densely interconnected via glutamate receptors, and in anesthetized birds exhibit these genes being different IEGs, but might reflect the differential capacity to learn new song in adulthood of remarkably similar neurophysiological responses to song, as judged by their outputs in X and RA (Doupe these two species.
and Vicario and Yohay, 1993 , 1996) . Our results therefore provide the first direct evidence that these HVc projection neurons often proposed to mediate specific long-term responses to external stimuli, including modifications underlying are functionally distinct: in singing birds, only the neurons projecting to the downstream motor nucleus RA neuronal plasticity. For instance, it has recently been shown that Fos expression is elevated in association had the appropriate activity to induce Fos. Our results also raise the possibility that the X-projecting neurons with motor skill learning and synaptic growth, and not simply with increased motor activity, in a rat motor cortiare not involved in any long-term plasticity that might result from Fos induction. Other data suggest that cal system in which activity and learning could be dissociated (Kleim et al., 1996) . Yet, adult zebra finches do X-projecting neurons in HVc are more stable than RAprojecting neurons as well: although new neurons are not normally exhibit motor plasticity, singing the same unchanging song throughout adulthood (Nordeen and added in adulthood to HVc, they are added only to the RA-projecting or interneuronal populations (AlvarezNordeen, 1992) . Thus, IEGs may function nonspecifically, by regulating the expression of "housekeeping" Bullya et al., 1988 Bullya et al., , 1992 Kirn and Nottebohm, 1993) . In this study, we have demonstrated marked induction genes involved in the increased cellular metabolism elicited by singing. Such a nonspecific role has not been of the transcriptional regulator Fos during the performance of a stable but learned behavior. Our results ruled out in many instances of IEG induction (Sheng and Greenberg, 1990) .
suggest that active molecular mechanisms are involved in either maintenance of cells after pronounced singingOn the other hand, adult zebra finches can change their song: if adult finches are deafened or subjected to related activity or in stabilizing and regulating song neurons and their connections in adult birds. The differential disruptions of the peripheral vocal system, song quality changes and gradually deteriorates (Nordeen and Norexpression of Fos in subsets of neurons indicates that genetic mechanisms are selectively engaged by differdeen, 1992; Williams and McKibben, 1992; Hough and Voltman, 1996, Soc. Neurosci. abstract) . This suggests ent pathways in the song system and suggests that dissection of the cellular and molecular consequences that some active maintenance of song is required even in adulthood and may involve a comparison between of singing will further elucidate how a neuronal circuit mediates a complex sensorimotor task. auditory feedback and what the bird expected to hear, in order to strengthen or adjust the motor output. It is clear from our study that Fos expression does not de-
Experimental Procedures
pend on how well the intended song output and the auditory feedback match, since Fos is equally induced All birds were adult (Ն120 days old) male zebra finches (Taeniopygia in both deaf and hearing birds and in birds with normal guttata) obtained from a local breeder or from our own breeding and deteriorated song. It is nonetheless intriguing that colony.
Fos induction is seen only in HVc and RA: much of the learning of the song motor pattern likely occurs in these Passive Auditory Stimulation nuclei, and they are plausible sites for a sensorimotor Birds were isolated individually in sound attenuation chambers at matching process, since they are both premotor and least 15 hr before the experiment and then presented with playback auditory (Kelley and Nottebohm, 1979; McCasland and of either conspecific songs or broad-band noise bursts for 50 min Konishi, 1981; Margoliash, 1983 Margoliash, , 1986 McCasland, and perfused immediately; in one case, a bird received only 15 min 1987; Doupe and Konishi, 1991; Vicario and Yohay, 1993;  of stimulation and was perfused 15 min after the end of this period. Yu and Margoliash, 1996) . The restriction of Fos induc-A sequence of four songs (approximate duration of each song was 1-2 s) or broad-band noise bursts of 2 s duration played at 2-3 s tion to these nuclei could indicate a role for this IEG in intervals was broadcast (average intensity 70 dB SPL) twice every maintenance of song by auditory feedback and might The period of 50 min for observing Fos protein induction was ever, Fos expression would not be an "instructive" signal chosen because, in general, c-fos messenger RNA expression bebut would be a "permissive" factor for song plasticity.
gins within minutes after an effective stimulus and is maximal by 30 min in many systems (e.g., Kornhauser et al., 1992) ; Fos protein
Functional Segregation of Neuronal
expression is abundant 15-30 min after gene expression starts (Kruijer et al., 1984 (Kruijer et al., , 1985 Curran and Morgan, 1985) . In our experi- Fos immunohistochemistry experiments, Fos antibody was omitted from some sections. Only low levels of nonspecific staining were removal as described by Konishi (1965) . Deafening was performed under Equithesin or isofluorane anesthesia 3-5 days (n ϭ 8) or 364-observed in these sections. 500 days (n ϭ 2) before the experiment.
Populations in a Network
The hearing and deaf birds were isolated and stimulated individuQuantification of Fos-Immunoreactive (IR) Cells ally in sound attenuation chambers as described above; in a small
The quantitative analysis was done only on birds that had been number of experiments, four to five birds, each in individual cages stimulated for 50 min with conspecific songs or female finches and but not in sound chambers, were tested in a room away from the whose vocalizations had been recorded during the stimulation pecolony in which they had been placed at least 15 hr before the riod. The number of Fos-IR cells/mm 2 in HVc, RA, and an area in experiment. Songs of birds that were stimulated in this experimental the neostriatum directly underneath HVc (Neo) of approximately setup were previously recorded for identification purposes. In both equal size to HVc was determined for each bird, using a computertypes of setup, singing was induced by placing one female or multiassisted image analysis system (NIH Image). Images of brain secple females in the male's cage or in a neighboring cage at the start tions containing HVc and RA were captured at 4ϫ with a CCD of a 50 min session. Vocalizations were recorded using microcamera and converted to digital images in which each pixel was phones. All tape recordings were later analyzed for amount and assigned a value from 0-255. Care was taken to ensure that each occurrence in time of singing. Birds were perfused at the end of the digitized image spanned close to the full range of gray values without 50 min session. saturation of either black or white. Using NIH Image, Fos-IR cells Birds that were exposed to female birds in order to induce singing in HVc, RA, and Neo in each section were counted by setting a size clearly attended and acted aroused, as evidenced by nonvocal range for cellular nuclei (in pixels) and a threshold level for staining courtship behavior, i.e., approaching the female, beak wiping and intensity. The threshold level, which included all dark gray and black tail twisting (Morris, 1970) , and in many cases by singing. To test stained cells, was set to be the same for each set of brains profor the effects of arousal without singing, singing was actively precessed simultaneously for Fos immunohistochemistry; in practice, vented in three birds. This was done during the entire 50 min session the threshold was similar even for different sets of brains (usually by distracting the bird with a hand movement near the cage each 180-185 pixels; range: 170-195). Counting was done blind to the time singing was about to start, as indicated by vocalization of amount of time spent singing and to whether the bird was deaf or introductory notes, which almost always initiate song (Price, 1979) .
not. The areas of HVc, RA, and Neo in each section were also measured. When the boundaries of HVc or RA were unclear from the immunostained sections, the adjacent Nissl section was examined.
Fos Immunohistochemistry
Overstained sections were excluded from the analysis. In a small Birds were perfused intracardially with 0.025 M phosphate-buffered number of sections (n ϭ 6/56 nuclei), patchy background staining (PB) 0.9% saline or lactated Ringers followed by 4% paraformaldeprevented accurate computer counting; in these cases, dark gray hyde (PFA) in PB. Some brains were postfixed in 4% PFA for 2-4.5 and black stained Fos-positive cells were handcounted under a light hr. Brains were cryoprotected by sinking in 30% sucrose-PFA or microscope. 30% sucrose-PB at 4ЊC and cut coronally into 40 m thick sections using a freezing microtome; sections were collected in PB. Every third section was used for Fos immunohistochemistry, and adjacent
Retrograde Labeling of Projection Neurons in HVc
To identify which population of HVc neurons (i.e., RA projecting or sections were Nissl stained. To minimize variability in staining attributable to the histological procedure rather than to the behavior of Area X projecting) was expressing Fos, we carried out retrograde labeling experiments. Cholera toxin B subunit (List Biological Labothe birds, brain sections of all birds observed in each experiment were processed in a single batch. Each individual experiment usually ratories, Inc., Campbell, CA) was pressure injected (700-1000 nl, 30-60 psi) unilaterally into Area X 3-4 days before the stimulation included four to five birds and always spanned a range of times spent singing, including little or no time singing, and in experiments experiment (n ϭ 3); similarly, fluorogold (Fluorochrome, Inc., Engelwood, CO) was pressure injected (approximately 360 nl, 5-10 psi) on hearing, included both hearing and deaf birds. This ensured that all procedures including reaction time were identical for the different unilaterally in RA 5-6 days before the experiment (n ϭ 2). Area X was located using stereotaxic coordinates, while RA was found behavioral conditions. Free-floating sections were processed immunohistochemically for Fos protein using an anti-chicken Fos IgG (the using stereotaxic coordinates and its characteristic spontaneous activity in electrophysiological recordings. As described previously, kind gift of Dr. Peter Sharp); this antibody was raised against a chicken c-fos peptide sequence, and on Western blots labels a band song was induced by tape stimulation for 50 min using conspecific songs. Fos immunohistochemistry was performed first, using nickelwith the expected molecular weight of Fos (47-50 kDa; Sharp et al., 1995) . The standard avidin-biotin peroxidase protocol (Vectastain, intensified DAB (staining cell nuclei gray to black), followed by immunohistochemical staining for the retrograde tracer using the Vector Laboratories, Burlingame, CA) was used to visualize the antibody, except that the avidin-biotin complex (ABC) solution was standard avidin-biotin peroxidase (Vectastain, Vector Laboratories) protocol, with the ABC solution used at half concentration, and DAB used at half concentration. Sections were washed in Tris-phosphate buffer (0.01 M Tris in 0.01 M PB and 0.9% Saline, with 0.05% Thimeralone (staining cells brown). Sections for cholera toxin B subunit immunohistochemistry were washed in TPBS containing 0.3% Triosal; TPBS) containing 0.3% Triton X-100 (Triton) and 1% normal goat serum (NGS; Antibodies, Inc., Davis, CA), incubated in 5% NGS ton and 1% normal horse serum (NHS; Antibodies, Inc.) and incubated in 5% NHS in TPBS containing 0.3% NHS. Goat anti-cholera diluted in TPBS with 0.3% Triton for 1 hr and then in rabbit antichicken Fos IgG (1:10,000-15,000 diluted in TPBS containing 0.3% toxin IgG (List Biological Laboratories, Inc., Campbell, CA) was used at 1:30,000 dilution, and the secondary antibody, biotinylated mouse Triton and 1% NGS; optimal antibody concentration was determined in early experiments by titration) overnight. The secondary antibody anti-goat IgG (Pierce), was used at 1:5,000 dilution; both were diluted in TPBS containing 0.3% Triton and 1% NHS. Sections for fluorogold was diluted in TPBS containing 0.3% Triton and 1% NGS, and the ABC in TPBS containing only 0.3% Triton. Peroxidase was visualized immunohistochemistry were washed in TPBS containing 0.3% Triton and 1% NGS, incubated in 5% or 10% NGS diluted in the same using diaminobenzidine (DAB, Sigma) with nickel intensification, and glucose oxidase to generate hydrogen peroxide. Brain sections buffer, and then in 1:10,000 or 1:7,500 dilution of Fos antibody. Rabbit anti-flurogold IgG (Chemicon, Temecula, CA) diluted in TPBS were mounted on slides and examined in the light microscope. Observers were blind to the amount of time each bird sang and to containing 0.3% Triton and 10% NGS at 1:30,000 was gently mixed for 1 hr at room temperature before being added to the sections. The whether the birds were deaf. Fos IR material was evenly distributed in the nuclei of cells. secondary antibody, biotinylated goat anti-rabbit IgG (Vectastain, Vector Laboratories), was used at the recommended concentration Control experiments were performed to examine the specificity of the Fos antibody. In one experiment, a second set of brain secand diluted in TPBS containing 0.3% Triton and 1% NGS. Cells were considered to be double labeled only if they met the tions was incubated in an excess of the Fos peptide (against which the Fos antibody was raised) along with the Fos antibody: no Fos following criteria: (1) Fos-IR and retrograde tracer were colocalized within the same neuron, within the same focal plane, and with good Hunt, S.P., Pini, A., and Evan, G. (1987) . Induction of c-fos-like protein in spinal cord neurons following sensory stimulation. Nature alignment of the boundaries of the nuclear and cytoplasmic staining, and (2) the neuron was well filled by the retrograde tracer so that 328, 632-634. the neuronal soma was well defined.
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